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Abstract—In this paper, we study a massive multiple-input
multiple-output (mMIMO) relay network where multiple source-
destination pairs exchange information through a common relay
equipped with a massive antenna array. The source users perform
simultaneous wireless information and power transfer (SWIPT)
and the power-splitting (PS) scheme is used at the relay to first
harvest energy from the received signals, and then, to transmit the
decoded signals using the harvested energy. Relay performs max-
imum ratio combining/maximum ratio transmission (MRC/MRT)
beam-forming on the received signal. Under the three-dimensional
(3D) directional channel model, we derive a closed-form lower
bound expression for the average signal-to-interference-plus-noise
ratio using results from random matrix theory, which leads to an
asymptotic approximation of the achievable sum-rate. Based on
that, we study a joint optimization problem over the tilt and PS
ratio to maximize the achievable sum-rate. Grid search algorithm
is used to solve the non-convex problem. Simulation results verify
our theoretical analysis and the efficiency of our optimized design.
In particular, our optimized system outperforms a conventional
system with pi/4 tilt and PS of 0.5, by at least 61%.
Index Terms—mMIMO relay network, 3D channel model,
SWIPT, MRC/MRT, achievable rate analysis.
I. INTRODUCTION
Massive multiple-input multiple-output (mMIMO) relaying
has attracted lots of attention in 5G and beyond wireless
systems as it provides notable spectral and energy efficiency,
coverage and reliability [1], [2]. Also, with the advent of
Internet-of-things (IoT) [3], an emerging solution for prolong-
ing the lifetime of energy constrained relays is simultaneous
wireless information and power transfer (SWIPT). Through
SWIPT, the received signal can be split into two distinct parts:
the information decoding (ID) and the energy harvesting (EH)
[4]. As a practical technique for co-located receivers power
splitting (PS), splits the received signal into two power levels
for ID and EH [5].
For SWIPT in multiple-input single-output systems, [6] has
performed the optimization over the PS ratio assuming zero-
forcing (ZF) beam-forming at the base station (BS). SWIPT
for an amplify-and-forward (AF) one-way relay system with
a single source-destination pair is considered in [7], where
two SWIPT protocols based on PS and time switching (TS)
are proposed. Further, for the same setup, but with a decode-
and-forward (DF) scheme, [8] optimizes PS and TS ratios to
maximize the transmission rate. In [9], for a multi-pair one-
way relay network, two SWIPT based strategies to distribute
the harvested energy among the users are investigated.
For mMIMO relays, [10] assumes a DF multi-pair relay
network, where the relay harvests energy from both the source
and destination users based on the PS protocol. Maximum ratio
combining/maximum ratio transmission (MRC/MRT) beam-
forming is employed at the relay. Through asymptotic analysis,
it is shown that the harvested energy is independent of the fast
fading effect, and that the transmission power of each source
and destination can be scaled inversely proportional to the
number of relay antennas. In [11], asymptotic sum-rate analysis
for a multi-way relay network where the relay harvests energy
and employs ZF is provided. In [12], a two-way multi-pair
relay network is considered where the users harvest energy.
The users’ PS ratios are optimized to maximize the achievable
rates assuming ZF and MRC. In [13], an AF two-way relay
network with a single pair of users where the relay harvests
energy based on PS is assumed. The asymptotic sum-rate is
analyzed and the optimum PS ratio is obtained considering
ZF.
Three-dimensional (3D) MIMO via employing active an-
tenna systems in both horizontal and vertical domains, is
an appealing technology to improve the efficiency of both
information and energy transfer while dealing with physical
constraints in mMIMO systems [14], [15]. In SWIPT, the
transmission-distance-to-BS-height ratio is usually smaller than
that in a conventional macro cell. Thus, the vertical domain is
as important as the horizontal domain. The vertical domain has
been utilized for SWIPT with 3D sectorized antennas in [16]
where the performance is analyzed. Antenna tilt is a parameter
for adapting the elevation angle of the antenna pattern which
has the potential to bring significant performance gains. In [17],
SWIPT in a 3D mMIMO downlink is considered where the BS
tilt, along with the users’ PS ratios are optimized to minimize
the BS transmit power.
In this paper, we study a SWIPT enabled multi-user one-
way mMIMO relay network with 3D directional antennas.
There has been no existing work on the performance analysis
and optimization of such systems. Under the PS protocol and
MRC/MRT at the relay, we derive a closed-form expression that
serves as a lower-bound on the average signal-to-interference-
plus-noise ratio (SINR), using results for Haar matrices. Base
on that, an asymptotic average achievable sum-rate expression
is obtained. A joint optimization problem over the relay PS
ratio and antenna array tilt is formulated to maximize the
average achievable sum-rate. Grid search algorithm is used to
solve the non-convex problem. Monte-Carlo simulation results
are presented to verify our theoretical analysis and the gains
that the optimized set-up brings. It is shown that the optimized
system outperforms a conventional system with pi/4 tilt and
PS of 0.5, by at least 62%.
II. SYSTEM MODEL
The considered 3D multi-pair one-way relay network is
shown in Fig. 1. There are K pairs of single-antenna users that
are separated into two groups: source users uSk, and destination
users uDk, for k = 1, ...,K , communicating through a common
mMIMO relay. uSk sends information to uDk. The number of
antennas at the relay is denoted by N . In the multiple access
phase, the source users perform SWIPT and the relay uses
the PS scheme, meaning that part of the received signal is
used to decode the source information, while the other part
is used to harvest energy for the coming broadcast phase. In
the broadcast phase, the relay uses the harvested energy and
transmits the decoded information to the destination users. The
relay employs MRC/MRT beam-forming in the DF process.
A. Relay 3D Antenna Pattern
We assume that the relay antenna array is placed in the plane
parallel to the ground and each antenna transmits the same
signal with a specific weight. By tuning the weights, the tilt
can be controlled. We assume that a common tilt is applied
at all antennas and approximate the antenna pattern using the
3D directional model in 3GPP [18]. The observed antenna gain
from any antenna of the relay at the kth source or destination
user, for i = S,D, is expressed in dBi scale as follows:
AdBiik (θtilt) =−
(
min
[
12
( φik
φ3dB
)2
, SLLaz
]
+
min
[
12
(θik − θtilt
θ3dB
)2
, SLLel
])
, (1)
where 0 < θtilt < pi/2 is the tilt between the horizon and
the beam peak, θik is the angle between the horizon and the
line connecting the user to the relay antenna array, φik is the
angle between the X-axis and the line in the horizontal plane
connecting User k to the projection point of the relay on the
horizontal plane. A schematic illustration of these angles are
shown in Fig. 1. Moreover, SLLaz = 25 dB and SLLel = 20
dB are the sidelobe levels (SLLs) of the antenna patterns
in the horizontal and vertical planes, respectively. The 3-dB
beamwidth in the horizontal and vertical planes are denoted as
φ3dB = 65
◦ and θ3dB = 6
◦, respectively. Further, it is assumed
that the relay beam peak is fixed on φ = 0 relative to the
X-axis.
B. Channel Model
We assume that a direct link between each pair of source
and destination does not exist due to the path-loss. Let
Gi = HiD
1
2
i be the channel matrix from the users to the
relay for i ∈ {S,D}, where Hi ∈ CN×K is the small
scale Rayleigh fading matrix whose elements are independent
and identically distributed (i.i.d.), each following CN (0, 1).
Further, the diagonal K × K matrix Di = diag{βik(θtilt)}
for k ∈ {1, · · ·K}, i ∈ {S,D}, accounts for the large scale
fading coefficients, including path loss and antenna gain given
by,
βik(θtilt) = d
−ν
ik Aik(θtilt), (2)
φSk
θSk θtilt
Horizon
X
Source k
Fig. 1. The green squares represent the source users and the blue ones are the
destination users. The spherical angles of the kth source user are illustrated.
The coverage area in the horizontal plane spans an angular range of 120◦.
where dik denotes the distance between User k and the relay,
and ν is the path loss exponent. The channel fading keeps in-
variant in each relaying time block, but changes independently
from one block to another. It is assumed that the relay has
perfect CSI1.
III. AVERAGE ACHIEVABLE SUM-RATE ANALYSIS AND
MAXIMIZATION
All nodes work in the half-duplex mode. Transmissions
are conducted with a two-phase protocol as explained in the
following subsections.
A. Phase I: Multiple Access (MAC) and SWIPT
In phase I, the source users perform SWIPT and transmit
their vector of information signals, x, to the relay. The infor-
mation signals are normalized for unit power as E{|xk|2} =
1, k ∈ {1, 2, · · · ,K}, where xk is the kth element of x. The
average transmit power of each source user is denoted as ps.
Thus, the received signal at the relay is
yR =
√
psGSx+ n
′
R, (3)
where n′R is the white additive Gaussian noise before the pas-
sive PS splitter whose elements are i.i.d. following CN (0, σ′2R ).
The relay harvests part of the energy of the received signal
through its PS receiver. We denote the PS factor by ρ ∈ (0, 1).
The received signal power at the relay is split into a ratio of
ρ : 1 − ρ for ID and EH, receptively. Hence, the information
for decoding at the relay is as follows,
yID =
√
ρ(
√
psGSx+ n
′
R) + n
′′
R,
where n′′R is the white additive ID noise after the passive PS
with CN (0, σ′′2R ) elements. We define nR =
√
ρn′R+n
′′
R, which
is the effective additive noise vector at the relay. It can be seen
1The analytical method and result can be straightforwardly generalized to
systems with CSI error.
that elements of nR follow CN (0, σ2R), where σ2R = ρσ′2R+σ′′2R .
Therefore,
yID =
√
ρpsGSx+ nR,
=
√
ρpsgSkxk +
√
ρps
K∑
j 6=k
gSjxj + nR.
Notice that for a matrix A, ai denotes the ith column of A.
The portion of the received signal for EH is√
1− ρ(√psGSx+ n′R),
n′R cannot be harvested and the noise power at the relay EH
receiver is ignored. Thus, the received signal for EH at the
relay is approximated as√
(1 − ρ)psGSx. (4)
A closed-form expression for the harvested energy at the relay
is found in the following lemma.
Lemma 1. The harvested energy at the relay per unit time is
EH = η(1− ρ)psN
K∑
i=1
βSi(θtilt), (5)
where η is the RF-to-DC conversion efficiency.
Proof: Please see Appendix A.
When the relay receives the source users’ information, it
performs MRC to maximize the received signal power, then,
adopts the DF scheme. The MRC beam-forming matrix is A =
GHS . The signal vector at the relay after MRC is denoted by
rR, where the kth entry pertains to the kth user information as
the following,
rRk =
√
ρps‖gSk‖2xk +√ρpsgHSk
K∑
j 6=k
gSjxj + g
H
SknR. (6)
For the achievable sum-rate analysis, we use the method in [19]
for mMIMO systems to find a lower bound, which is shown
to be tight when N approaches infinity. The key is to write
the channel vector norm in the received signal term as the
summation of a known mean and the difference part. Hence,
rRk =
√
ρpsE{‖gSk‖2}xk +√ρps(‖gSk‖2 − E{‖gSk‖2})xk
+
√
ρps
K∑
j 6=k
gHSkgSjxj + g
H
SknR. (7)
By treating the second term as noise, the average SINR of uSk
at the relay in Phase I, denoted by γMRCk , has the following
lower bound:
γMACk ≥ γ¯MACk =
NβSk(θtilt)
βSk(θtilt) +
∑K
j 6=k βSj(θtilt) +
σ2
R
ρps
. (8)
The calculations of γ¯MACk are provided in Appendix B. By
following the analysis in [19], it can also be shown that
γMACk
a.s.−−−−→
N→∞
γ¯MACk , where
a.s.−−−−→
N→∞
means almost sure conver-
gence when N →∞. Further, when N →∞, the normalized
effective noise term in (7), the sum of the 2nd, 3rd and 4th
terms, converges in distribution to Gaussian. Thus, for the
average achievable rate of uSk at the relay, we have
RMACk = log2(1 + γ
MAC
k )
a.s.−−−−→
N→∞
log2(1 + γ¯
MAC
k ). (9)
B. Phase II: Broadcast (BC)
The second phase is the broadcast phase. In this phase, the
relay uses MRT on the decoded information signals to design
its transmit signal vector as the following
xR =
√
PRαG
∗
Dx, (10)
where α is the power coefficient and PR = EH is the relay
transmission power as in (5). From the power constraint at the
relay, E{|xR|2} = PR, we have
α =
1√
E
{
tr
{
GTDG
∗
D
}} = 1√
N
∑K
i=1 βDi(θtilt)
. (11)
By noticing that the channel matrix from the relay to the des-
tination users is GTD , the received signal at the kth destination
user is
rDk =
√
PRα‖gDk‖2xk +
√
PRαg
∗
Dk
K∑
j 6=k
gTDjxj + n
D
k , (12)
where nDk is the white additive noise at the kth destination
user with CN (0, σ2D) distribution. By following the same steps
as in (7) and Appendix B, the lower-bound expression for the
average SINR at uDk in Phase II is as shown in (16), where
γBCk
a.s.−−−−→
N→∞
γ¯BCk . Then, for the average achievable rate from
the relay to uDk, we have
RBCk = log2(1 + γ
BC
k )
a.s.−−−−→
N→∞
log2(1 + γ¯
BC
k ). (13)
The average achievable rate of the kth pair of source and
destination is given as
Rk = min{RMACk , RBCk }. (14)
Finally, the average achievable sum-rate of all user pairs is
Rsum =
K∑
i=1
Rk. (15)
C. Antenna Tilt and PS Ratio Optimization
In order to improve SWIPT efficiency, the joint optimization
of the tilt and PS ratio is proposed aiming at maximizing
the average achievable sum-rate of all user pairs which is
formulated as below,
max
θtilt,ρ
Rsum (17)
s.t. 0 < ρ < 1
0 < θtilt < pi/2
For this non-convex problem, we use the grid search al-
gorithm, due to the following reasons. First, the complex
relation between Rsum, θtilt, and ρ makes finding a closed-form
expression for the optimum ρ and θtilt not possible. Second,
due to the small ranges of values that ρ and θtilt can take, the
grid search algorithm works well.
γBCk ≥ γ¯BCk =
NβDk(θtilt)
βDk(θtilt) +
∑K
j 6=k βDj(θtilt) +
σ2
D
∑
K
i=1
βDi(θtilt)
η(1−ρ)psNβDk(θtilt)
∑
K
i=1
βSi(θtilt)
(16)
IV. SIMULATION RESULTS
In this section, we show simulation results on the average
achievable sum-rate. The parameters of the relay antenna array
gain in (1) are defined previously in Section II-A, and more
parameter configurations are listed in Table I.
TABLE I
SIMULATION PARAMETER VALUES
Parameters Values
Number of pairs of users, K 5, 7
Energy conversion efficiency at EH, η 0.5
Noise power at ID, σ2
R
−70 dB
Noise power at destination users, σ2
D
−50 dB
Path loss exponent, ν 3.76
Maximum distance between relay and users 10 m
Search step size for θtilt 0.1047 rad
Search step size for ρ 0.0667
In Fig. 2 and 3, we show the theoretical and simulation
results for the average sum-rate versus the average user power,
and the number of antennas, respectively. Two designs are
simulated: 1) ρ = 0.5, θtilt = pi/4, which are the middle points
of the possible ranges for ρ and θtilt, respectively, and 2) the
optimum PS ratio, ρ∗, and tilt angle, θ∗tilt. Fig. 2 shows the
sum-rate results when pu changes form 0 to 25 dB, N = 100,
and K = 5, 7. Fig. 3 presents the sum-rate results when N
changes from 45 to 170, pu = 15 dB, and K = 5, 7. Each
point of the figures is obtained by averaging over the sum-rates
for 100 randomly generated location sets for the K user pairs.
For the optimal design, the optimization is performed over the
theoretical sum-rate for each location set. The results are then
verified by the Monte-Carlo simulations where for each random
location set, 103 channel realizations are generated. The two
figures show that the theoretical results perfectly match the
Monte-Carlo simulations for all user power and relay antenna
number ranges.
Fig. 2 also shows that the sum-rate is an increasing function
of pu with a negative acceleration. Further, it reports that
compared to the ordinary case of ρ = 0.5, θtilt = pi/4,
the proposed optimum system can bring the average sum-rate
improvements of at least 72.95% for K = 5, and 68.97% for
K = 7, both of which happens when pu = 25 dB. It also
indicates that by increasing pu the sum-rate improvement due
to optimization increases. Finally, this figure indicates that a
self-sufficient energy harvesting relay with 100 antennas can
provide an average sum-rate of 6.5 bits/sec for 5 pairs of users
with only 1 watt user power.
Fig. 3 shows that the sum-rate is an increasing function of N
with an almost linear relation. It reports that compared to the
ordinary case of ρ = 0.5, θtilt = pi/4, the proposed optimum
system can bring the average sum-rate improvements of at least
67.04% for K = 5, and 61.81% for K = 7, both of which
happens when N = 170. It also indicates that by increasing N
the sum-rate improvement due to optimization increases.
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1) ρ = 0.5, θtilt = pi/4, and 2) the optimal design ρ
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V. CONCLUSION
In this paper, we examine a 3D mMIMO multi-user one-
way relay network where the relay harvests energy from the
users based on SWIPT PS scheme. We have derived an exact
closed-form lower-bound expression for the average SINR
using results for Haar matrices. Based on that, a tight closed-
form approximation for the ergodic achievable rate of each
pair of users is derived. Further, a joint optimization problem
over the PS ratio and the relay tilt is formulated to maximize
the average achievable sum-rate. Our simulation results show
the significant performance improvement provided by the extra
degree-of-freedom offered by the vertical tilt and SWIPT.
APPENDIX A
PROOF OF LEMMA 1
From (4), the harvested energy at the relay per unit time is,
EH = η(1 − ρ)psE{tr{GSGHS }}. (18)
We consider the following singular-value decomposition
(SVD):
HS = UΣV
H ,
where U, V, and Σ are N × K , K × K , and K × K
matrices. U and V contain the singular vectors of HS and
Σ = diag{σ1, σ2, · · · , σK} contains the singular values of
HS . According to Definition 2.5 in [20], U and V are Haar
matrices. Also, since entries of HS follow i.i.d. CN (0, 1), U,
V, and Σ are independent. Therefore,
E{tr{GSGHS }} = E{tr{HSDSHHS }}
= E{tr{Σ2VHDSV}}
=
K∑
i2=1
E{σ2i2}
K∑
i1=1
βSi1(θtilt)E{|vi1i2 |2}.
Notice that for a matrix A, aij denotes the (i, j)th entry of A.
According to [21], for any i, j,
E{|vij |2} = 1
K
.
Further, for any arbitrary i, we have
E{σ2i } =
1
K
E{tr{HHSHS}} = N. (19)
Therefore, (5) is resulted.
APPENDIX B
PROOF OF EQUATION (8)
According to (7),
γ¯MACk =
|E{|gSk|2}|2
Var {|gSk|2}+
∑K
j 6=k E{gHSkgSjgHSjgSk}+ E{|gSk|
2}σ2
R
ρps
.
It can be shown that
E{|gSk|2} = NβSk(θtilt), (20)
Var {|gSk|2} = E{|gSk|4} − |E{|gSk|2}|2,
and
E{|gSk|4} = β2Sk(θtilt)E
{|hSk|4}
= β2Sk(θtilt)E


(
N∑
i=1
|hSik|2
)2

= β2Sk(θtilt)E


N∑
i=1
|hSik|4+
N∑
i6=j
N∑
j=1
|hSik|2|hSjk|2

 .
For any i, k, we can write hSik = hR + jhI, where hR and hI
are the real and imaginary components that are i.i.d. following
N (0, 1/2). Also,
E{h4R} = E{h4I } = 3/4.
Thus,
E
{|hSik|4} = E{h4R + h4I + 2h2Rh2I } = 2,
Var {|gSk|2} = Nβ2Sk(θtilt). (21)
Further, for any k, j,
K∑
j 6=k
E
{
gHSkgSjg
H
SjgSk
}
=βSk(θtilt)
K∑
j 6=k
βSj(θtilt)E
{
hHSkhSjh
H
SjhSk
}
and
E
{
hHSkhSjh
H
SjhSk
}
= E
{
hHSkhSk
}
= N. (22)
Hence, by using (20), (21), and (22) in γ¯MACk , (8) results.
REFERENCES
[1] J. G. Andrews, S. Buzzi, W. Choi, S. V. Hanly, A. Lozano, A. C. Soong,
and J. C. Zhang, “What will 5G be?” IEEE J. Sel. Areas Commun.,
vol. 32, no. 6, pp. 1065–1082, 2014.
[2] E. G. Larsson, O. Edfors, F. Tufvesson, and T. L. Marzetta, “Massive
MIMO for next generation wireless systems,” IEEE Commun. Mag.,
vol. 52, no. 2, pp. 186–195, 2014.
[3] E. Gelenbe and Y. Caseau, “The impact of information technology on
energy consumption and carbon emissions,” Ubiquity, vol. 2015, no. June,
p. 1, 2015.
[4] I. Krikidis, S. Timotheou, S. Nikolaou, G. Zheng, D. W. K. Ng, and
R. Schober, “Simultaneous wireless information and power transfer in
modern communication systems,” IEEE Commun. Mag., vol. 52, no. 11,
pp. 104–110, 2014.
[5] R. Zhang and C. K. Ho, “MIMO broadcasting for simultaneous wireless
information and power transfer,” IEEE Trans. Wireless Commun., vol. 12,
no. 5, pp. 1989–2001, 2013.
[6] Q. Shi, C. Peng, W. Xu, M. Hong, and Y. Cai, “Energy efficiency
optimization for MISO SWIPT systems with zero-forcing beamforming,”
IEEE Trans. Signal Process., vol. 64, no. 4, pp. 842–854, 2015.
[7] A. A. Nasir, X. Zhou, S. Durrani, and R. A. Kennedy, “Relaying protocols
for wireless energy harvesting and information processing,” IEEE Trans.
Wireless Commun., vol. 12, no. 7, pp. 3622–3636, 2013.
[8] M. Ju, K.-M. Kang, K.-S. Hwang, and C. Jeong, “Maximum transmission
rate of PSR/TSR protocols in wireless energy harvesting DF-based relay
networks,” IEEE J. Sel. Areas Commun., vol. 33, no. 12, pp. 2701–2717,
2015.
[9] Z. Ding, S. M. Perlaza, I. Esnaola, and H. V. Poor, “Power allocation
strategies in energy harvesting wireless cooperative networks,” IEEE
Trans. Wireless Commun., vol. 13, no. 2, pp. 846–860, 2014.
[10] H. Liu and K. S. Kwak, “Multipair massive MIMO relay with simulta-
neous wireless information and power transfer,” in 2016 ICTC. IEEE,
2016, pp. 225–230.
[11] G. Amarasuriya, E. G. Larsson, and H. V. Poor, “Wireless information
and power transfer in multiway massive MIMO relay networks,” IEEE
Trans. Wireless Commun., vol. 15, no. 6, pp. 3837–3855, 2016.
[12] X. Wang, J. Liu, and C. Zhai, “Wireless power transfer-based multi-pair
two-way relaying with massive antennas,” IEEE Transactions on Wireless
Communications, vol. 16, no. 11, pp. 7672–7684, 2017.
[13] J. Wang, L. Zheng, M. Ding, G. Wang, and Z. Lin, “Performance analysis
of massive MIMO two-way relay systems with SWIPT,” in 2019 IEEE
89th VTC-Spring. IEEE, 2019, pp. 1–6.
[14] Y.-H. Nam, B. L. Ng, K. Sayana, Y. Li, J. Zhang, Y. Kim, and
J. Lee, “Full-dimension MIMO (FD-MIMO) for next generation cellular
technology,” IEEE Commun. Mag., vol. 51, no. 6, pp. 172–179, 2013.
[15] X. Cheng, B. Yu, L. Yang, J. Zhang, G. Liu, Y. Wu, and L. Wan,
“Communicating in the real world: 3D MIMO,” IEEE Wireless Commun.,
vol. 21, no. 4, pp. 136–144, 2014.
[16] I. Krikidis, “SWIPT in 3-D bipolar ad hoc networks with sectorized
antennas,” IEEE Commun. Lett., vol. 20, no. 6, pp. 1267–1270, 2016.
[17] L. Fan, H. Zhang, Y. Huang, and L. Yang, “Exploiting BS antenna tilt
for SWIPT in 3-D massive MIMO systems,” IEEE Wireless Commun.
Lett., vol. 6, no. 5, pp. 666–669, 2017.
[18] E. Access, “Further advancements for E-UTRA physical layer aspects,”
3GPP Technical Specification TR, vol. 36, p. V2, 2010.
[19] B. Hassibi and B. M. Hochwald, “How much training is needed in
multiple-antenna wireless links?” IEEE Trans. Inf. Theory, vol. 49, no. 4,
pp. 951–963, 2003.
[20] A. M. Tulino, S. Verdu´ et al., “Random matrix theory and wireless
communications,” Foundations and Trends® in Communications and
Information Theory, vol. 1, no. 1, pp. 1–182, 2004.
[21] F. Hiai and D. Petz, Asymptotic freeness almost everywhere for random
matrices. University of Aarhus. Centre for Mathematical Physics and
Stochastics (MaPhySto)[MPS], 1999.
